Although several actuator principles for tactile displays composed of many micro-actuators exist, current actuators do not produce sufficient stroke and force generation. In order to compensate their shortage ability, we developed a new pin-matrix tactile display in which pin-protrusion distribution synchronizes pitch and roll moments applied to the display. In the present study, we evaluated the versatility of a virtual tilt pad presentation that is a progression from our previous study. In the tilt pad presentation, the rotations around the x-axis and y-axis are managed by the centroid position of the operator's fingers. In the evaluation, the subjects tried to compare the size of two virtual spheres to evaluate the 3D-shape presentation capability of the display. Since the sensation thresholds for each subject were low enough, we proved that operators could appreciate a fine distinction of sphere radii generated by the proposed display. In the case of a relatively large sphere, which is the most difficult case because it has the smallest curvature, the discrimination tasks improved with slight tapping as compared to pressing and rubbing with the fingers. Consequently, the manner of presentation can compensate the shortage ability of micro-actuators.
Introduction
In the realm of virtual reality (VR) and tele-existence, researchers have developed several types of haptic displays including mouse-type 1,2 , encounter-type 3, 4 , wearable type [5] [6] [7] , and grip-type 7, 8 haptic devices. Although these experimental haptic devices are still under investigation, some conventional 3D haptic devices such as the Phantom series (http://geomagic.com/en/products-landing-pages/haptic) can be used. However, present commercial devices have two basic problems: operators grow weary because they have to maintain the same vertical movement in the 3D space and, although there are several actuator principles for tactile displays composed of many micro-actuators, the current actuators do not have sufficient stroke and force generation.
To tackle the first problem, we developed an advanced multi-modal 2.5D display for tactile and force sensation to create a new human-friendly interface for various fields, such as virtual reality and tele-existence. 9, 10 The display is comprised of a 2D master arm with a pin-matrix display containing a 4-by-12 array of stimulus pins driven by micro-actuators and an articulated manipulator. We designed the handle of the display to be similar to a mouse so that it could be comfortably used by anyone without prior knowledge. We suggested a new concept of virtual 2.5D space to reduce fatigue during the 3D manipulations of long-term tasks, where we achieved virtual quasi-3D space by adding vertical pointing controlled by compressive force to the 2D space. This mechanism, in which applied force is translated to displacement, is similar to the pointing device used in TrackPoint (http://research.microsoft.com/en-us/um/people/bibuxton/buxtoncollection/detail.aspx?id=60). Since operators do not need to move their hand in a perpendicular direction against gravity, they can manipulate the virtual pad with minimal energy.
For the second issue, we believe that the actuator's shortage ability can be compensated by increasing the degrees of freedom (DOF) in the virtual space. The previous display had 3-DOF of displacement (x-y linear displacement and yaw) and z-directional 1-DOF supplied by z-directional force in the real space. The proposed display has the additional 2-DOF of pitch and roll in the virtual space supplied by pitch and roll momentums in the real space. The compensation is accomplished by synchronizing pin-protrusion distribution of the pin-matrix display with pitch and roll moments applied to the display.
In this study, to evaluate this new display as a subsequent study to our previous paper 10 , we conducted a series of evaluation experiments. In this evaluation, subjects judged the diameters of two spheres to prove the recognition capability for virtual objects when using the proposed display. In addition, we investigated the proper way of touching virtual objects using the proposed display by exploring two methods of touch: 1) pressing and rubbing with fingers and 2) slight tapping. Figure 1 shows the 2.5D haptic display generating combined tactile and force sensations developed based on our previous study. The haptic display consists of a 3-link planar manipulator used as a force display and a tactile display on the manipulator's handle. The tactile display is composed of a 4-by-12 array of stimulus pins driven by the piezoelectric bimorph actuators of a Braille cell (SC9, KGS, Co.; http://www.kgs-jpn.co.jp/epiezo.html), as shown in Fig. 1 . The stimulus pins perform a protruding motion between intermediate values from 0 to 1 mm. If the motion is blocked, the maximum force is generated. Even if applied voltage is enhanced, the maximum force is only 0.1 N. An operator can naturally touch an object with three fingers because the tactile display has a relatively large display pad. In addition, since we arranged the handle of the manipulator like a mouse, anyone can use it comfortably without prior knowledge.
Display System

Overview of 2.5D Haptic Display
The position of the virtual pad is controlled by the following procedure: The horizontal position is fixed with respect to the display pad in the actual display. The horizontal displacement and pose of the handle part are obtained from kinematics since the configuration of the manipulator is determined by the joint angles. On the other hand, although the movement of the manipulator is planar, the vertical movement of the virtual pad in the virtual space is regulated by compressive resultant force applied on the display pad. The roll and pitch angles of the handle part in virtual space are measured as moments obtained from three pressure sensors installed under the display pads.
We can therefore use this device as a pointing device in 3D space despite the manipulations in 2D space. Since the operator's hands are supported by the manipulator, the operator works as if his hands are on a hand rest and thus does not get tired during manipulations in 3D-space. In virtual space, the contact interaction between the fingertips of the operator and the virtual object is calculated to obtain the reaction force and distributed pressure. The force and torques are computed from statics and physical models.
Altitude Control
The vertical movement of the virtual pad is proportionally controlled via compressive resultant forces applied on the display pad with reference to the previous display. In the initial condition, the virtual pad is located in the air apart from the virtual objects, maintaining a default distance. Operators can manipulate this display while they grasp the end effector, designed like a mouse, and place their three fingers (index, middle, and ring finger) on the display pad, as shown in Fig. 1 .
By increasing the contact force of their fingertips on the display pad, the users move the virtual pad in the vertical direction. The vertical movement is proportionally controlled by the compressive resultant force obtained from the three pressure sensors, which are installed under the display pad. The operators can then perceive the tactile information from the surface unevenness of the virtual objects according to pin-protrusion changes and will thus recognize the movement of the virtual pad in the 3D space even though the real display pad remains static. This technique is similar in principle to pseudo-haptic feedback 11, 12 . Pseudo-haptics is obtained only through visual feedback, while, in our display, the distributed pressure is presented by stimulus pins according to the applied force. Consequently, operators can feel not only the object's height, but also the surface unevenness with minimum force. 
Orientation Control
In the development of tactile object recognition, many researchers have focused on active and passive touch [13] [14] [15] . Active touch is where human subjects actively feel the object surface with their fingers. To accomplish active touch on a 3D surface, roll and pitch directional freedoms in addition to yaw freedom measured by the third motor of the manipulator are required. In the present display, the rotations of the virtual pad around the x-and y-axes (pitch and roll angles, respectively) are managed by the centroid position of the operator's fingers. Consequently, operators can perceive the curvature and surface information of the virtual objects because they can flexibly manipulate the contact region of the virtual pad while touching objects in the virtual space.
In the present display, compressive forces applied on the display pad are obtained from three pressure sensors installed under the actuator array, as shown in Fig. 2 . These three pressure sensors are arranged in a circle whose origin is the same as the center of the display pad. The centroid position is then calculated as:
where
) are the position of the pressure sensors and the normal force applied to each sensor. Figure 3 displays the principle of the orientation control of the virtual pad. The surface rotations of the virtual pad around the x-and y-axes in the virtual reality are controlled by the following procedure: In the initial condition, the virtual pad remains horizontal to the x-y plane. If the operator increases the contact force of his fingertips to apply moment to the display pad, the centroid position moves horizontally. Because of the distance between the center of the display pad and the centroid position, the rotation around the x-and y-axes is regulated by the distance for the yand x-axes directions, respectively. We assume that these angles are proportional to the moment value. While the yaw angle is measured as a real angle by the encoder installed in the manipulator's third motor, virtual pitch angle and roll angle are calculated as follows:
where K and K are coefficients for the translation of the centroid position to the moment component. We assumed that these coefficients are 2.0 [°/mm] (positive direction is assumed as counterclockwise) for the roll and pitch angles in this paper. These coefficients should normally be decided according to psychophysical procedures; however, it is our opinion that the coefficient values are determined because the coefficient variation does not appear to be sensitive to touch. An operator can easily perform flexible touching even if the abovementioned values are selected as the coefficients. Since these coefficients are easily adjusted according to objectives, we will change them in our future work. Thus, the orientation of the virtual pad is determined by a set of angles consisting of roll, pitch, and yaw. 
Experimental Procedure
We adopted a psychological experiment to evaluate the presentation capability of the present display using a constant stimuli method of psychophysics. If the difference threshold (DL) obtained from this experiment is low enough, the operator will recognize a fine distinction of stimuli generated by the display. In this experiment, we investigated the 3D curvature of an object's surface felt by an operator with the following procedure:
1) The virtual pad is placed in the air, keeping a default distance of 5 mm from the sphere (Fig. 4(a) ).
2)
The operator increases fingertip contact force on the display pad with a down motion in the virtual world of
[mm/N], which is obtained from another calibration test.
3)
The size of the standard sphere is 15, 30, 45, or 60 mm.
4)
The comparison sphere is selected from among regions of 9 -21, 24 -36, 39 -51, and 54 -66 mm for the standard spheres of 15, 30, 45, and 60 mm, respectively.
5) The operator compares two selected virtual spheres as standard and comparison stimuli to judge which sphere is greater in size. The contact interaction between the operator's fingertips and the virtual sphere is calculated to obtain the distributed pressure (Fig. 4(b) ). The tactile information of the curvature and surface information of the virtual sphere is presented by the tactile display according to pin-protrusion change.
The DL of diameter D is calculated from psychometric functions fitted to the ogive curves 16 . To confirm the effectiveness of the proposed display for tactile recognition, we conducted a series of experiments with six human subjects (right-handed, average age: 24) who were asked to compare the size of the standard and comparison virtual spheres. Stimulus pins protrude in proportion to the normal component of displacement caused by contact between the virtual pad and the virtual sphere (Fig. 5) . Since the operators can flexibly control the contact region of the virtual pad while touching a sphere in the virtual space, as shown in Fig. 5 , they minutely perceive the virtual sphere's curvature and surface information with the tactile display according to the pin-protrusion change.
Procedures (1)- (5) were repeated 480 times (total: 2,880 times for 6 human subjects) for each human subject in a no-visibility situation. In addition, we investigated the proper method for touching virtual objects using the proposed display in this experiment. In order to examine the dependence of display effectiveness on the way virtual objects are touched, this experiment was performed in two ways:
1) Pressing and rubbing with fingers and 2) Slight tapping.
In the former, when a human subject touches a virtual object, he continues pressing and rubbing the object with his fingers without releasing it (Fig. 6(a) ). This is similar to the usual manner in which people inspect the surface texture and hardness of an object such as fruit. In the latter, the human subject lightly touches the virtual object several times while slightly changing the touching direction (Fig. 6(b) ), similar to the way a person touches a very delicate object's surface.
Experimental Results and Discussion
The presentation capability or our method was examined using the diameter discrimination precision of the subjects as an evaluation parameter. In addition, we investigated the appropriate way to touch virtual objects for tactile recognition using the proposed display. For each subject, we compared two touching methods: 1) pressing and rubbing with fingers and 2) slight tapping.
The relationship between the probability and the size felt compared with the standard stimulus is depicted in Fig.  7 . Figure 7 illustrates the case of a 30-mm standard sphere. Since the range of comparison stimuli is 24 -36 mm in this experiment, the diameter of the biggest comparison sphere is almost equal in length with the horizontal width of the virtual pad. We performed a Smirnov-Grubbs outlier test under a 5% rejection rate for all of the experimental results, which resulted in a significant difference between the results for subject E and the other subjects when the diameter of the standard sphere was 30 mm under slight tapping and 45 mm under pressing and rubbing. Subject E examined the diameters of the virtual spheres in a short time compared to the other subjects. Since it is essential for operators to explore the virtual objects carefully, the results obtained from subject E are ignored in the following discussion. The DLs for each subject except for subject E are summarized in Fig. 8 . In addition, the DL mean values are provided in Fig. 9 . from Fig. 9 to evaluate the present display pad, we notice that, for all standard stimuli, the value is within the range of 0.1 -0.3. Since the Weber's ratio value is sufficiently small, operators can appreciate a fine distinction in sphere radii generated by the display that replicates actual object touching, especially in the cases of 45-and 60-mm standard stimuli, where the diameter of the virtual spheres is larger than the virtual pad. In spite of the small tactile pad, the subjects could properly distinguish the size of the sphere.
Looking at the information in Fig. 9 , for 60-mm standard stimulus, the difference between the two presentation manners initially seems to be significant. To examine whether a considerable difference exists between the two touching methods, we performed a t-test under a 5% rejection rate, which demonstrates a significant difference between the mean value of the two presentation methods for the 60-mm standard stimulus.
The significant difference in the t-test means that since the variance under slight tapping is smaller than that under pressing and rubbing, operators can perceive the subtle curvature and surface information of virtual spheres under slight tapping. As mentioned in Section 2, since each bimorph actuator generates only 0.1 N, the operator cannot appreciate a slight difference of curvature with pressing and rubbing in which constant contact is required. On the other hand, with slight tapping, since the operator repeats the action as touch and go, the operator can appreciate slight differences in pin-extruding distribution between the standard and comparison spheres. As shown in Fig. 6 , the direction of touching changes with each touch-and-go. Therefore, the virtual 3D surface presentation manner compensates the shortage of actuator ability.
Conclusion
We are developing a multi-modal 2.5D display capable of stimulating the muscles and tendons of the forearms and tactile receptors in the fingers with the aim of developing a new human-friendly interface. In the present paper, we extended the versatility of the operation in a 2.5D space for object manipulation in a 3D space. Although the surface rotation of the virtual pad was limited around the z-axis in the previous display, we proposed managing the rotations around the x-and y-axes with the centroid position of the operator's fingers. The position is estimated by compressive forces applied on the display pad, which are measured by three pressure sensors installed under the actuator array. Operators can thus minutely perceive the curvature and surface information of virtual objects because they can control the contact region of the virtual pad flexibly while touching the objects in the virtual space. Since the operators can manipulate the vertical movement and attitude of the virtual pad with minimum force, they do not grow tired during manipulations in the 3D space.
In the evaluation experiment, the subjects were asked to compare the size of two virtual spheres to evaluate the presentation capability of the proposed display. From the experimental results, since the sensation thresholds for each subject were sufficiently low, the operators were able to appreciate a fine distinction of stimuli generated by the present display. In addition, in the case of a relatively large sphere, we verified that the discrimination tasks improved under slight tapping as compared to pressing and rubbing with the fingers.
Consequently, it is expected that this display will reduce operator burden. Moreover, we proved that the manner of presentation can compensate the shortage ability of micro-actuators.
